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We propose the lead sulphide (PbS) monolayer as a 2D semiconductor with a large Rashba-like9

spin-orbit effect controlled by the out-of-plane buckling. The buckled PbS conduction band is found10

to possess Rashba-like dispersion and spin texture at the M and Γ points, with large effective Rashba11

parameters of λ ∼ 5 eVÅ and λ ∼ 1 eVÅ, respectively. Using a tight-binding formalism, we show12

that the Rashba effect originates from the very large spin-orbit interaction and the hopping term13

that mixes the in-plane and out-of-plane p orbitals of Pb and S atoms. The latter, which depends14

on the buckling angle, can be controlled by applying strain to vary the spin texture as well as the15

Rashba parameter at Γ and M . Our density functional theory results together with tight-binding16

formalism provide a unifying framework for designing Rashba monolayers and for manipulating their17

spin properties.18

Introduction– Over the past two decades there has been19

a growing interest in materials with strong spin-orbit in-20

teraction (SOI), as they are of a profound importance21

for fundamental understanding of quantum phenomena22

at the atomic level and applications to spintronics. This23

relativistic interaction is linked to important effects such24

as Rashba, Zeeman, spin-Hall effect, and topological in-25

sulator (TI) states [1–4].26

The spin-orbit splitting of the bands occurs in crystals27

without inversion symmetry, where it is known as Dres-28

selhaus effect and in 2D structures or surfaces, where29

it is known as Rashba effect, even though these can30

be seen as different manifestations of the same phe-31

nomenon [5]. However, suitable atomically thin 2D ma-32

terials with a large Rashba coefficient are hard to find.33

To have Rashba-type spin splitting there are two key34

properties that should present: strong SOI and broken35

inversion symmetry. In graphene and non-polar two-36

dimensional materials, such as transition metal dichalco-37

genides, breaking inversion symmetry is often achieved38

by application of out-of-plane electric fields or through39

interfacial effects [6–8]. Unfortunately, the respective40

spin splitting in graphene is rather small, rendering the41

spin polarization unusable at room temperature. Group42

IV and III-V binary monolayers (e.g SiGe and GaAs)43

with buckled hexagonal geometry were found to have44

a Rashba-like spin texture; the band splitting, how-45

ever, has a Zeeman-like splitting [9]. Spin-splitting in46

WSe2 monolayer is also of Zeeman-type due to the out-47

of plane mirror symmetry (Mz : z → −z) suppressing48

the Rashba term [7]. Transition metal dichalcogenides49

with asymmetric surfaces, e.g. WSeTe, have a sizeable50

Rashba splitting, but this does not coincide with the di-51

rect bandgap [10]. A Rashba-type effect has been mea-52

sured in few-layer samples of the topological insulator53

Bi2Se3, but this is attributed to the interactions with54

the substrate [11].55

Recently, we proposed that a Rashba-like splitting can56

also be obtained in bucked heavy metal square lattices,57

where it is controlled by out-of-plane buckling and/or58

electric dipole [12]. However, materials in this class are59

almost always metals, which reduces the ways in which60

spins can be manipulated.61

In addition to study of spin splitting and texture in62

materials with strong SOI, several works have also in-63

vestigated the orbital switching in topological insula-64

tors [13, 14] and in hexagonal 3D Rashba semiconduc-65

tors [15, 16]. Specifically, Cao et al. found that below66

the Dirac point the wavefunctions are more radial while67

above the Dirac point the wavefunctions are more tan-68

gential [13]. However, further studies for materials with69

different geometry (e.g square) are still lacking.70

Very recently, several studies have investigated topo-71

logical properties of the rock salt structure materials,72

such as PbX (X=Se, S, Te), in both monolayer and bi-73

layer forms with no buckling [3, 4, 17]. In particular,74

Chang et al. have successfully grown few-layer SnTe and75

PbTe [18] [19]. In this article, we study two-dimensional76

(2D) lead chalcogenide PbX (X=S, Se, Te) monolayers in77

square geometry with two atoms per primitive cell. For78

definiteness, we focus on lead sulfide PbS, but similar ef-79

fects can be found for other lead chalcogenides and even80

heavy metals [12].81

Using density functional theory (DFT), we find that82

buckled PbS monolayer possesses a strong Rashba split-83

ting. In this polar material, the buckling direction can84

be reversed, leading to the reversal of the spin texture.85

Based on our DFT results we develop a tight binding for-86

mulation of the buckled and planar 2D square lattice for87

PbS which is generally applicable for other similar ma-88

terials (e.g, PbSe and PbTe). With this formalism, we89

are able to understand how the Rashba spitting depends90
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on SOI strength, which in turn depends on the atomic91

species and the buckling angle, similar to the case of92

heavy metal square lattices [12]. Moreover, our theory93

provides a new understanding of how spins and orbitals94

are coupled and how they can be controlled. These all to-95

gether provide guidelines for designing and manipulating96

orbital-spin effects in Rashba monolayers.97

Methods– Our findings are based on density functional98

theory (DFT) calculations implemented in the Quan-99

tum ESPRESSO package [20]. We employed Projec-100

tor Augmented-Wave (PAW) type pseudopotentials with101

Perdew-Burke-Ernzerhof (PBE) within the generalized102

gradient approximation (GGA) for the exchange and cor-103

relation functional [21]. The Kohn-Sham orbitals were104

expanded in a plane-wave basis with a cutoff energy of105

100 Ry, and for the charge density a cutoff of 200 Ry was106

used. A k-point grid sampling grid was generated using107

the Monkhorst-Pack scheme with 16×16×1 points [22],108

and a finer regular grid of 40×40×1 was used for spin tex-109

ture calculations. We used the modern theory of polar-110

ization [23] to calculate the spontaneous polarization im-111

plemented in the Quantum ESPRESSO package [20].112

To compare the electric polarization of monolayer PbS to113

the typical bulk ferroelectrics, we approximate the thick-114

ness as twice the distance between S and Pb atom which115

is roughly half of the lattice constant of bulk PbS. Sim-116

ilar approximations have also been used in other several117

works [24–26].118

For electronic band structure calculations, the spin or-119

bit interaction was included using noncollinear calcula-120

tions with fully relativistic pseudopotentials. To apply121

biaxial strains, we varied the in-plane lattice constants122

and let the system relax until the stress perpendicular to123

the plane is less than 0.01 GPa.124

Structure, bistability, and ferroelectricity– Our first125126

principles calculations show that PbX monolayer has a127

buckled structure, which is a minimum of the energy sur-128

face, whereas the planar structure is a saddle point of the129

energy surface [30]. We found that the optimized buck-130

led structure has a lower enthalpy of 120 meV compared131

to that of optimized planar structure. The lattice con-132

stant a and buckling angle θ for buckled (planar) struc-133

ture are 3.74Å (4.01Å) and 21.6◦ (0◦), respectively. The134

optimized planar lattice constant is close to the value135

reported in study of planar PbS [17].136

The energy barrier between the planar (paraelectric)137

and buckled (ferroelectric) is obtained by displacing the138

Pb and S atoms in the z direction while keeping the139

lattice parameters fixed at the values optimized for the140

the buckled (ferroelectric) phase. Using the fixed fer-141

roelectric (buckled) lattice parameters, the energy bar-142

rier is 764 meV and the spontaneous polarization is143

Pol = 0.2 C/m2. Since the calculation is carried out144

keeping the lattice parameters fixed at the values opti-145

mized for the buckled phase, the relative energy of the146

paraelectric phase is overestimated. In fact, potential en-147

ergy barriers in ferroelectric materials are usually strain148

dependent. For instance, Wang and Qian have shown149

that energy barriers in ferroelectric SnS, SnSe, GeS, and150

GeSe monolayers may increase or decrease depending on151

the strains [26]. To support our argument, we also calcu-152

lated the path where the optimized paraelectric (planar)153

phase is used as the initial configuration. When the lat-154

tice parameters are fixed at the optimized paraelectric155

phase, the energy barrier is 51 meV and the spontaneous156

polarization is Pol = 0.1 C/m2, as shown in the Supple-157

mental Material. By fitting the energy surface to fourth158

order polynomial [28], we can calculate the coercive field159

given by Ec = (4/3)(3/2)Ebarrier/Pol. The calculated co-160

ercive field with the starting configuration from paraelec-161

tric (planar) and ferroelectric (buckled) are, ∼ 1 V/nm162

and ∼ 10 V/nm respectively. Applied electric fields of163

∼ 1 V/nm are achievable in current 2D experiments [29].164

This suggests that PbS is suitable for a ferroelectric de-165

vice as long as it is grown on its planar phase.166

Band structure– Next we compare the band structure167

of planar PbS (PbS-p) and buckled PbS (PbS-b). PbS-168

p is a direct gap semiconductor with a small bandgap169

of 0.2 eV. Because of the inversion symmetry, no spin-170

splitting is observed. PbS-b is an indirect-gap semicon-171

ductor in which the minimum energy of the lowest con-172

duction band is located near the M -point and the maxi-173

mum energy of the highest valence band is located near174

the Γ-point. At both the M and Γ points, the conduc-175

tion band shows a sizable Rashba splitting. The effec-176

tive Rashba parameters, given by λ = 2ER/kR, where177

ER is the difference between the lowest energy of up-178

per band and lower band, kR is the shift in momentum179

space relative to the cone axis, are λ = 1.03 eVÅ at Γ180

(Fig. 1(d)) and λ = 5.10 eVÅ at M (Fig. 1 (e)). These181

values are comparable to those of three-dimensional (3D)182

giant Rashba materials [1, 2, 31].183

Origin of the spin splitting: a tight-binding184

formulation– Next, we use tight binding formalism185

as a framework to understand the Rashba effects in186

lead chalcogenide monolayers. Numerical calculations187

show that the relevant bands are composed almost188

exclusively of s and p orbitals of the constituent atoms,189

with d orbitals appearing in lower-energy valence bands,190

allowing us to neglect them [30]. This means that each191

atom introduces four (one s and three p) orbitals. While192

it is convenient to use px and py orbitals to write down193

the hopping elements, since we are including SOI in our194

model, it is helpful to go to a basis which is more natural195

for the angular momentum operators. We transform196

the basis as follows: |1, 1〉 = (−|px〉 + i|py〉)/
√

2 and197

|1,−1〉 = (|px〉+ i|py〉)/
√

2. The new basis then for each198

4 × 4 block is |0, 0〉, |1, 1〉, |1,−1〉, and |1, 0〉, where the199

first number represents the orbital momentum quantum200

number and the second one is the projection along the201

z direction. Details of the Hamiltonian construction can202

be found in the supporting information.203204
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FIG. 1. (a) Structural visualizations of buckled PbS monolayer. Buckling angle θ = 0 (β = 0) for planar structure. Blue
and orange arrows indicate vectors connecting Pb and its first and second nearest neighbors, respectively. Band structure of
monolayer PbS in planar (b) and buckled structure (c) along the high symmetry lines of Brillouin zone. Green lines indicate
Fermi energy. There is no splitting in the planar structure because of inversion symmetry. In contrast, there is no mirror-
plane in z for buckled structure resulting broken inversion symmetry, and this leads to band-splitting. The calculated Rashba
parameter at Γ (M) gives rise to a larger energy splitting between bands than other giant Rashba materials. Rashba-like
dispersion at Γ (d) and M point (e).
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FIG. 2. Band structures of buckled PbS, PbSe and PbTe
with spin-orbit interaction included. Fermi energy is set to be
zero. All buckled lead chalcogenides have large Rashba split-
ting in the conduction band. In the highest valence bands,
however, the Rashba splitting is smaller for compounds con-
taining lighter chalcogen species.

To include the SOI, we use the standard form describ-205

ing the spin-orbit coupling arising from the interaction206

with the nucleus HSOI = TX

(
L+⊗s−+L−⊗s+

2 + Lz ⊗ sz
)

,207

where X is either Pb or S. The last term modifies the208

diagonal elements of the self-energy for |1,±1〉 by adding209

(subtracting) TX/2 if Lz and sz point in the same (op-210

posite) direction. The first term couples |1, 1〉⊗ | ↓〉 with211

|1, 0〉 ⊗ | ↑〉 and |1,−1〉 ⊗ | ↑〉 with |1, 0〉 ⊗ | ↓〉 with the212

coupling strength TX/
√

2.213

The first high-symmetry point that we examine is the
M -point, located at (π/2, π/2) in the Brillouin zone. At
the M -point the full Hamiltonian H can be decomposed

into several blocks, and the Hamiltonian describing the
two lowest conduction bands (C1, C2) and the third va-
lence band (V3) is given by

Hb =

ε
S
p + TS

2 ∓4iα2∆ 0

±4iα2∆ εPb
p − TPb

2
TPb√

2

0 TPb√
2

εPb
p

 . (1)

At the M -point, the degenerate wave functions (labeled
as 1 and 2) describing the lowest conduction band C1 are
given by

|Ψ1〉 = iA|1, 1〉 ⊗ | ↑〉S +B|1,−1〉 ⊗ | ↑〉Pb + C|1, 0〉 ⊗ | ↓〉Pb

|Ψ2〉 = −iA|1,−1〉 ⊗ | ↓〉S +B|1, 1〉 ⊗ | ↓〉Pb + C|1, 0〉 ⊗ | ↑〉Pb ,
(2)

where A, B and C are real numbers. The other block Ha214

describing the highest valence (V1) band has a very sim-215

ilar form to Eq. 1, but where Pb and S are interchanged.216

The degeneracy breaking term γ is given by217

γ = 〈Ψ1|H|Ψ2〉 = 2i sin (2θ) ∆keiφAC , (3)

where θ is the structure buckling angle, where ∆ = Vppσ−218

Vppπ (V is the hopping parameter between S and Pb219

atom, see Supplemental Material), and keiφ = kx + iky.220

This leads to a linear dispersion for small k, as expected.221

Defining λ ≡ 2 sin (2θ) ∆AC, we can write the effective222

Hamiltonian describing the lowest conduction band as223

Heff = λ[~k × ~σ] · ẑ, (4)

where ~σ = (σx, σy, σz), which is the Rashba Hamilto-224

nian. The eigenstates are |ψI,II〉 = |Ψ1〉 ± e−iφ |λ|λ |Ψ2〉.225

It is clear from Eq. 1 that the SOI mixes the pz orbital226

with other in-plane orbitals of atoms with same species;227
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FIG. 3. Evolution of band structure around Γ (a) and M
(b) with application of biaxial strains. Energy is subtracted
by energy at Γ (M) for comparative purposes. (b) λ scaled
by its unstrained value λ0 as a function of sin 2θ. λ increases
with increasing buckling angle, which is consistent with tight-
binding analysis. (c) Relative changes in buckling angle θ and
bond distance d as a function of biaxial strain ε.

however SOI by itself does not lift the degeneracy because228

SOI is independent of k. For instance, the band structure229

of planar PbS obtained by DFT, including the SOI, does230

not show spin-splitting [Fig. 1 (b)]. The inversion sym-231

metry breaking term originated from the buckling cou-232

ples the pz of Pb and the in-plane p orbitals of S atoms;233

this term results in the spin-splitting with Rashba-like234

dispersion (see Eq. 3). Taking TPb � TS and solving the235

Hamiltonian Hb perturbatively, one can show that, to the236

first leading order, AC ∼ TPb. These two consequences237

are consistent with our DFT results: spin-splitting occurs238

when both SOI and θ are not zero.239

While the same arguments hold for Ha, which de-240

scribes the valence band, we do not observe a substantial241

SOI-induced splitting in PbS (see Fig. 1(c)). This is be-242

cause the sulphur atom has of a much smaller atomic243

SOI than the Pb atom, leading to a weaker mixing of244

orbitals, suppressing the AC term in the equation above.245

As shown in fig. 2, PbTe and PbSe, however, have large246

spin-splitting in both the conduction and valence bands247

because Te and Se are relatively much heavier than S248

(stronger SOI) [27].249

Similarly to the M point, one can perform a low-k ex-250

pansion around the Γ point for the Hamiltonian matrix251

(see Supplemental Material). Because there are more252

non-vanishing coupling terms at the center of the Bril-253

louin zone, the Hamiltonian does not reduce as well to254

smaller independent blocks as it does at the M point.255

Nevertheless, it is possible to show that in buckled struc-256

tures, there is a linear term breaking the degeneracy of257

the conduction band.258

We have found the relevant parameters to tune the259

band splitting from the TB-formulation. Clearly the hop-260

ping parameters depend on both the bond distance and261

the buckling angle. Since these two quantities are often262

strain dependent, it is natural to ask whether it is pos-263

sible to tune the hopping parameters using strain. Our264

DFT simulations showed that under biaxial strains the265

bond distance changes by only 1% while buckling angle266

changes by roughly 30% at a biaxial strain of 6% (shown267

in Fig. 3).268

We obtain λ by taking the derivative of energy dis-269

persion λ = ∂E
∂k at Γ and M . As shown in Fig. 3 (c),270

λ increases with increasing θ, consistent with our TB271

formulation (see Eq. 3). Note that λ is not linear with272

sin 2θ because A and C also depend on θ. Our DFT re-273

sults show that, relative to its unstrained value λ0, λ can274

increase by more than 20% when compressed by 4% or275

decrease by 20% when stretched by 4%. The apparent276

variations of λ show that PbS is a tunable spin-splitting277

material.278

Spin and Orbital Texture– Lastly, we investigate the
orbital texture of PbS as it has been shown that TIs
and hexagonal 3D Rashba materials have orbital switch-
ing at the Dirac point [13–16]. To our best knowledge,
such analysis has not been done for monolayers with
square symmetry. We can do such analysis by trans-
forming our basis to radial pr and tangential pt orbitals:
|1, 1〉 = −eiφ|pr〉 + i|pt〉, |1,−1〉 = e−iφ|pr〉 − i|pt〉 and
|1, 0〉 = |pz〉. In this basis the upper and bottom wave-
functions can be written as

|ψI,II〉 =C|pz〉 ⊗ |±〉Pb ∓ i
B√

2
|pr〉 ⊗ |±〉Pb (5)

± B√
2
|pt〉 ⊗ |∓〉Pb ∓ i

A√
2
e−2iφ|pr〉 ⊗ |∓3〉S

± A√
2
e−2iφ|pt〉 ⊗ |±3〉S

where |+n〉 = 1√
2

( |λ|
λ ie

−inφ

1

)
is clockwise in-plane spin279

and |−n〉 = 1√
2

(
− |λ|λ ie

−inφ

1

)
is counter clockwise in-280

plane spin.281

In the upper band of PbS the radial component of the282

Pb atom couples to the clockwise spin while the tangen-283

tial component couples to the counter clockwise spin, as284

shown schematically in Fig. 4. As it passes through the285
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FIG. 4. (a) Band plots of the first (C1II) and second lowest (C1I) conduction band near the Γ and M point. Clockwise
(counter clockwise) spin textures are represented by the yellow (green) arrows. Near the band crossing (inner Dirac cone),
the upper and lower band have opposing helical spin texture similar to the Rashba spin texture. (b) Corresponding schematic
orbital spin texture of Pb atom at M point. The radial pr and tangential pt have opposite spin orientation, and they cancel
each other. Spin helicity is flipped after passing through the Dirac point while the orbital compositions are still the same. (c)
Two dimensional plot of spin polarizations near M . The color plot shows the projection of spin along z direction. Clearly, the
out-of-plane spin components are small. The direction of spin polarizations is reversed when the buckling direction is reversed.

band crossing point (Dirac point) right at the M point,286

where the upper band and lower band meet, the tangen-287

tial component now couples to the counter clockwise spin.288

This switching is similar to what have been observed in289

TIs [13, 14] and hexagonal bulk Rashba materials [15, 16].290

The difference is that the radial and tangential compo-291

nents contribute equally and cancel out, and thus the net292

in-plane spin texture comes from the pz orbital only. This293

suggests that the orbital texture is not always polarized294

and thus the orbital polarization depends on the crystal295

symmetry of the material.296

From the TB results, we found that the direction of the297

spin is given by 〈ψI,II|σ̂|ψI,II〉 = ± |λ|λ (sinφ,− cosφ, 0).298

We can see that the spin texture is helical and depends on299

the direction of the buckling (inversion symmetry break-300

ing term λ). Notice that the PbS-b has a degenerate301

structure as the polarization vector in z-direction define302

as dz = z(Pb)− z(S) can be positive or negative (sign of303

λ), as shown in Fig. 4 (c). Thus, the in-plane spin texture304

can be reversed when λ is negative (PbS buckled in the305

opposite direction). This is confirmed by our DFT results306

shown in Fig. 4(c). While the coefficients A, B, and C in307

Eq. 2 are material dependent, the orbital texture is inde-308

pendent of the direction of the buckling. These findings309

are in agreement with the very recent work on hexagonal310

3D Rashba BiTeI [15].311

Conclusion– In summary, using first-principles calcu-312

lations based on density functional theory, we have found313

a new class of 2D materials (lead chalcogenides) possess-314

ing a tunable giant Rashba splitting with a characteristic315

orbital and spin texture in an energy range close to the316

bandgap edge. Based on our tight-binding analysis, we317

found that the atomic composition and buckling angle318

are the two key parameters controlling the Rashba ef-319

fects. First, the atomic composition plays important role320

as the SOI is the parameter that mixes the in-plane and321

out-of-plane orbitals. With the recent success in creating322

janus (polar) transition metal dichalcogenide monolay-323

ers [34] and few-layer SnTe and PbTe [18] via atomic324

layer deposition techniques, the growth of buckled po-325

lar materials like PbS, PbSe, and PbTe should also be326

achievable using existing technology.327

In buckled PbS monolayers, the Rashba coefficient de-328

pends on the degree of buckling, and the orientation of329

the helical in-plane spin depends on the direction of the330

buckling. As we have shown in DFT simulations, this331

buckling can be controlled through application of moder-332

ate strains of ≤ 10%, which are achievable in the current333

2D experiments [35, 36]. A similar system showing such334

tunability is LaOBiS2 [37]. In addition to mechanical335

strains, the electric polarization (direction of buckling)336

can be switched as PbS is ferroelectric. And thus PbS337

spin texture can be switched in a non-volatile way which338

is similar to recently found ferroelectric Rashba semi-339

conductors (FERSC) GeTe [38]. Further, we also found340

orbital-spin texture switching in buckled PbS. Our re-341

sults suggest that the orbital-spin switching at the Dirac342

point is not exclusive to TIs and the orbital texture is343

not always polarized, as it depends on the crystal sym-344

metry of the material. Our unifying framework based345

on tight binding provides design principles and orbital-346

spin texture manipulations which will be important for347

development of new devices.348
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